Introduction
This paper deals with the tooth profile error of spur gears that have been finished by roll forming. First, we present experimental data that confirms that the tooth profile error is a synthesis of a concave error and a pressure angle error (Refs. [7] [8] . Since various types of tooth profile errors appear in the experiments, evaluation parameters are introduced for rolling gears so that profile quality may be objectively evaluated. Using these evaluation parameters, the relationships among the tooth profile error, the addendum modification factor (A.M. factor) and the tool loading force are verified.
The character of concave error, pressure angle error and tool loading force of finish roll forming by using a forced displacement method are verified. This study makes clear that the tool loading force of finish roll forming is a very important factor that affects involute tooth profile error. Figure 1 shows the evaluation parameters for gear rolling. The parameters are maximum deformation δ max , concave deformation δ ca , deformation at tooth tip δ T and pressure angle error δ α . The solid and broken lines in the figure indicate the tooth profile curves before and after rolling, respectively. δ max is the In recent years, the gear industry is increasingly applying non-cutting forming methods to the production of toothed workpieces. Of these, finish roll forming seems to have the widest range of application. Finish roll forming is a manufacturing technology that improves the tooth profile accuracy, pitch accuracy and surface roughness of a hobbed gear. In this technique, a hobbed gear having a finish roll stock allowance contacts under high load with a tool having a high accuracy profile. The high load plastically deforms the surfaces of the teeth, smoothing them and making them more accurate. This concept was proposed by Ford Motor Co. for the finishing of automotive pinions (Ref. 1).
Evaluation Parameters for Roll Forming
Based on the proposed concept, automotive gear manufacturers attempted finish rolling larger gears, but could not obtain adequate quality. A great deal of research and development work has been carried out by many companies and researchers to see if roll forming can be more widely applied to larger gears with coarser pitches (Refs. 2-6). However, these investigators could not develop a mechanism to generate high quality profiles.
In this study, the authors have developed a rack-type rolling process in which a rack tool is used to roll gear teeth. The results of the experiment and analysis show that the proposed method reduces errors.
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value of deformation at the position of maximum deformation when the tooth profile curves are compared before and after rolling a gear. δ ca is the value of deformation at the position of the maximum distance from the tangent line to the profile where a tangent is drawn through the tooth tip and tooth root on the profile.
A positive value of δ ca indicates a concave shape on the tooth profile, whereas a negative value indicates a convex shape. δ T is the amount of deformation at tooth tip. A positive value of δ T is the form in which the tooth tip is lower before rolling and a negative value is the opposite form. δ α is the pressure angle error.
Test Gear and Experimental Method The experiment was conducted on module 5 spur gears as follows: A rack was used for the tool and was driven at a speed of 4.5 mm/min. (0.08 mm/sec.). The number of teeth on the gear was 22 and the A.M. factor was 0.52.
The specifications of the roll forming tool and the test gears are shown in Table 1 . The shape of the test gears is shown in Figure 2 and in Photo 1. The gear on the left side of the photo is a standard gear, and the gear on the right is one of the roll formed gears made in this study. The rolling was performed 
com • G E A R T E C H N O L O G Y • JU L Y / A U G U S T 2 005 37
At point C, the plastic deflection grows large at the dedendum. The deflection of the dedendum at point C is unlike at point B and is inverted from positive to negative.
While the gear rotates from point B to point C, the heights of contact point on the driven side and the follower side are inverted near the pitch point. Here, the change in the direction of the dedendum corresponds to the tooth profile at point C in Figure 4 . When the gear rotates from point C to point E in Figure 5 , the tooth profiles at points D and E show very little difference from that at point C. Figure 6 shows the radial elongation δ Y . The tooth shows no elongation at point A. The tooth is slightly elongated at point B and is elongated more on the dedendum at point C. The elongation does not change when the mating progresses further. Figure 7 shows the plastic strain ε y calculated from the results shown in Figure 6 . The strain is nearly zero at points A and B and becomes very large at point C. The maximum strains are 0.2% and 0.9% when the loads are 9.8 kN and 14 kN, respectively. These results indicate that the plastic area reaches the center of the tooth near the pitch point where the heights of the contact point on the driven side and the follower sides are inverted. When the gear rotates from point D to point E, the strain at these points is nearly zero. 
Deformation Mechanism If the amount of deformation becomes partially negative on a tooth profile, this phenomenon cannot be explained by analytical methods based on the amount of deformation. Therefore, the teeth seem to bend plastically during rolling. The formation mechanism of the pressure angle error was studied as follows: Since a large portion of the roll stock plastic deformation occurs during the first rolling pass, the remainder of the discussion will focus on results after the first rolling pass.
For verification, the profile of mating tooth and the displacements of lattice point drawn on the side of the tooth were measured at several positions on the line of action. Therefore, we stopped the mating gear at several positions on the line of action. During rolling, each measuring position on the line of action was judged by comparing the output from the strain gage at the tool's tooth root and the analytical mating diagram. Since the tool driving speed is 0.08 mm/sec., the tool can be stopped near a target position. Figure 3 shows the lattice points drawn on the tooth side. The lattice points are arranged on the mirror-finished side of the tooth using the micro Vickers tester. In the coordinate system on the tooth side, the Y-axis is positioned on the centerline of the tooth side and the origin is positioned 30.5 mm from the tooth tip on the centerline. The X-axis is the direction perpendicular to the centerline. The lattice point interval ∆ is set to 1 mm. The components of the displacement of the lattice point are δ X , δ Y in each axis. The plastic strain ε y between lattice points on the centerline direction was defined as follows:
where index i indicates the position of a lattice point from the origin on the centerline. Figure 4 shows how a gear having an A.M. factor of 0.52 is deformed during rolling. The sign ∇ indicates a contact point on the tooth profile. The contact point on the tooth begins from the driven side at tooth tip and ends at the follower side at the tooth root. The load is 9.8 kN. At points A and B, the amount of deformation on the tooth profile contacted with the tool is positive. At point C, the gear rotates slightly from point B and a concave shape of the tooth appears at the pitch point on the tooth profile. Here, it is observed that the deformation of the driven side changes from positive to negative. The tooth profiles at points D and E show very little difference from the profile at point C. Figure 5 shows the plastic deflection δ X . When the load is 9.8 kN, and the gear rotates from point A to point B, the plastic deflection is very small. the tooth profile has been deformed in the negative direction before the tooth comes in contact with the rolling tool.
At position C, the tooth profile of the driven side begins to contact with the tool, and the negative deformation that appeared in position B is disappearing. The tooth profiles on both sides also contact with the tool, and the amounts of deformation on the driven side have a positive direction.
In position D, the amount of deformation on the driven side decreases and this tooth profile has been deformed more negatively than before rolling. In position E, the tooth contact has finished on both sides. The amount of deformation on the follower side that appeared in position D again decreases. Figure 9 shows the plastic deflection of the tooth in rolling. The change of the plasticity deflection corresponds well to the tooth profile shown in Figure 8 . When the tooth contact occurs on the tooth profile of one side as shown in positions A and B, the plastic deflection appears on the tooth root, and the elongation in the interval is small. When the tooth contact crosses near the pitch point as shown in positions C and D, the deflection in the addendum becomes bigger. Figure 10 shows the elongation, and the plastic strain between points C and D are shown in Figure 9 . When the tooth contact crosses near the pitch point as shown in positions C and D, the elongation in the addendum becomes bigger. When the load is 9.8 kN, the strain becomes more than 0.2%. When it's 14 kN, the strain becomes 1.2%. As a result, the plastic region spreads near the pitch point on the central part of the tooth.
Formation Mechanism of Pressure Angle Error. Plastic deflection and elongation in finish rolling were confirmed by the experimental result described above. Plastic deflection that appears in the addendum is affected by the transfer direction of the contact point on the tooth. The transfer direction of the contact point is decided by the direction of rotation. Therefore, as the tooth bends to the driven side, the amount of deformation on the tooth profile decreases on the driven side and increases on the follower side. The elongation appearing on the addendum decreases the amount of deformation on both tooth sides.
The amount of deformation on the tooth profile consists of the components: 
Then, the result of the calculation based on Equation 2 is added to the tooth profile in which the deformation was calculated, and the pressure angle error is examined. Figure 11 shows the result. The tooth profiles represented by the broken, dashed and solid lines are respectively the tooth profile before rolling, the experimental tooth and the calculated tooth.
The deformation correction value calculated by Equation 2 is shown by the black circles. The corrected tooth profile and the rolled tooth form agree to an accuracy of 1-2 µm.
Therefore, the convex shape on the addendum of the driven side of the rolled tooth was not verified by the calculation with only the mean deformation being predicted by Equation 2 . Similarly, the amount of deformation difference on the driven side and follower side is verified by the calculations using the same equation.
When the plastic region reaches the central part of the tooth, the pressure angle error is based on the second and third terms of Equation 2.
Tooth Profile Error at Low Load In the above, the load was set to 9.8 kN, so that the deformation may easily appear in the tooth, and the mechanism in which the pressure angle error arose was examined. However, the conclusion obtained in this experiment may not always apply to the case in which the load is set at a lower value. Figure 12 shows the results with a 5 kN load. The other experimental conditions are the pitch-line velocity of 8.5 m/min., and the number of total rolling cycles is 30. The plastic deflection and plastic strain ε y on the center line is shown in Figure 12(a) . This deflection is about 3 µm near the pitch point and becomes about 12 µm at the tooth tip. The strain remains at roughly 0.2% from the pitch point to the tooth tip. There is a maximum compressive strain of 0.2% on the dedendum, and the plastic region spreads to the central part of the tooth.
The profile of both sides of the rolled tooth is shown in Figure 12 (b). The rolled tooth deformed almost uniformly along the hobbed tooth shape; the amount of plastic deformation ranges from 2-8 µm. On the follower side, the concave shape at the pitch point has amplitude of about 30 µm.
Conclusion In this paper, we have defined an evaluation method for tooth rolling and have established the formation mechanism of the pressure angle error. Analysis reveals two causes of the tooth profile error:
1.) When the tool approaches the work with a constant load, the number of mating teeth on the line of action varies, the normal load on the tooth changes with the number of mating teeth, and the concave type error occurs at the pitch point.
2.) When the tooth contact stress is very high near the pitch point, the plastic deformation extends inside the center of the tooth and the addendum deflects to the driven side.
Additional results of this study are as follows: 1.) The pressure angle error that appears in the addendum is the sum between plastic deflection on the addendum and the elongation in the same region and results in the concave shape at the pitch point.
2.) The deflection in the addendum decreases the deformation on the driven side and increases the deformation in the follower side (reverse effects).
3.) The elongation in the addendum decreases the amount of deformation in both teeth.
4.) This deflection and elongation arise when the contact point crosses near the pitch point on the right and left tooth profiles.
5.) The direction of deflection is decided according to the transfer direction of the contact point on the tooth surface, and the tooth deflects to the driven side regardless of the number of teeth and the addendum modification coefficient. 
